Among those developing tuberculosis (TB) after exposure to Mycobacterium tuberculosis, approximately 70% are males. Host genetic variation, particularly immune-related genes on the X chromosome, may contribute to sex-specific differences in TB incidences. To study whether X-linked gene variation is associated with sex-specific presentation of pulmonary TB (pTB), three single-nucleotide polymorphisms (SNPs) of the TLR8, CD40LG and IRAK1 genes on the X chromosome were genotyped in 923 patients and 1033 healthy individuals of the Han Chinese population. Frequencies of the variants were analyzed independently as well as in their combinations. CD40LG rs3092923 and its combined effects with the other two SNPs were associated with an increased risk of pTB only in males. In males, the rs3092923 genotype C/(-) conferred relative protection (odds ratio (OR): 0.52, 95% confidence interval (CI): 0.35-0.78, P corr. = 0.0045) and the combined effects of three SNPs increased gradually as the number of risk alleles increased (OR: 2.58, 2.83 and 2.96 for one, two and three risk alleles, respectively). For the remaining SNPs, significance was obtained only for the AA genotype of IRAK1 rs3027898 in the combined and female-only analysis. Our results indicate a role of a CD40LG variant and its combined effects with distinct TLR8 and IRAK1 variants in susceptibility to pTB in males.
INTRODUCTION
Pulmonary tuberculosis (pTB), caused by Mycobacterium tuberculosis, is one of the deadliest infectious diseases worldwide and both morbidity and mortality remain high. 1, 2 Tuberculosis (TB) causes more fatalities than any other single infectious disease and the incidence is increasing markedly with the emergence of resistant strains in recent years. In 2012, an estimated 8.6 million people developed TB, among which approximately 66% (5.7 million) were newly diagnosed cases; 1.3 million died from the disease, including 320 000 deaths among human immunodeficiency virus-positive patients. 2 China is one of the 22 highburden TB countries and the number of TB patients ranks second in the world.
Although about one-third of the world's populations is infected by M. tuberculosis, only 10% of them will develop active TB. 3, 4 Many of these patients have significant risk factors, such as human immunodeficiency virus infection, diabetes mellitus and other immunodeficiencies, whereas remaining risks may be attributable to other factors, including interactions of genetic and environmental conditions. Among those who develop TB after exposure to M. tuberculosis, up to 70% are males. A male/female ratio of 1.9 ± 0.6 was documented for the worldwide case notification rate and reached as high as 3 in some countries. 5 Evidence has also indicated that males are more prone to get severe forms of TB. 6 Although socioeconomic and cultural factors may be related with undernotification in women, in particular in developing countries, a significant proportion of this sex-specific difference are also believed to be attributable to biological heterogeneity. 7, 8 Among the biological factors that may account for the sex bias, sexual hormones, gender-related genetic background and metabolic characteristics are suggested to have important roles. 5 It appears reasonable to assume that host genetic variation, in particular of immune-related genes on the X chromosome may contribute to sex-specific differences in TB incidences. Several candidate TB-susceptibility genes are located on the X chromosome, particularly the gene encoding the CD40 ligand (CD40LD). This was shown in a family-based association study in the Gambia. 9 Indirect evidence of the X chromosome in possible susceptibility to TB has also been provided by studies of Mendelian susceptibility to mycobacterial diseases and chronic granulomatous disease. 10 Causal variation in an X-linked gene (IKBKG, also known as NEMO) on Xq28 and in two candidate regions on Xp11.4-Xp21.2 and Xq25-Xq26.3, including CD40LG, have been identified in Mendelian susceptibility to mycobacterial diseases and chronic granulomatous disease patients, some of whom also presented with TB. 7, 8, 10 The CD40LG, (aka CD154 or TNFSF5) gene encodes a costimulatory molecule implicated in the generation and maintenance of humoral and cellular immune responses. 11 A family-based study with a small sample size of 121 patients only and their parents in the Gambia failed to support the association of CD40LG variants and TB, whereas a distinct intronic CD40LG variant, rs3092923C, was described as associated with a marginally reduced risk of follicular lymphoma in Caucasian groups, with its effect exerted in females only. 11, 12 Other genes on the X chromosome related to host immunity comprise the Toll-like receptor 8 (TLR8) gene on Xp22.2 and the interleukin-1 receptor associated kinase (IRAK1) gene on Xq28. 8 TLR8 polymorphisms have been shown to be associated with TB susceptibility in Indonesian, Russian and Turkish study groups. 13, 14 Four studied single-nucleotide polymorphisms (SNPs) on TLR8 were in perfect linkage disequilibrium, from which one missense 1 variant (rs3764880) was identified as the functional polymorphism causing the strong observed association with TB. When men and women were evaluated separately, an association of the rs3764880A with TB susceptibility was observed, whose effect, however, applied only to men. This could potentially be ascribed to the low number of females that were homozygous for the rare variant. Despite previous efforts to replicate TLR8 and CD40LG associations with TB, [12] [13] [14] insufficient sample sizes and considerable ethnic differences in the frequency of associated variants were reported, underlining the need of further studies in other ethnic groups. IRAK1 was shown to be involved in the TLR pathway. 15 It was shown previously that the AA genotype of SNP rs3027898 at the 3'-end of IRAK1 contributed to an increased risk of rheumatoid arthritis, an autoimmune disease with dysfunctional immune responses. 15 Its A allele conferred relative protection from systemic lupus erythematosus, a chronic autoimmune disease with various clinical manifestations. 16 However, no published data are available on potential associations of IRAK1 polymorphisms with TB.
Here, we studied three X-chromosomal genetic variants (TLR8 rs3764880, CD40LG rs3092923 and IRAK1 rs3027898) to identify the possible effect in a Han Chinese pulmonary TB (pTB) casecontrol group.
RESULTS

Study population and demographic information
According to the power calculation, this study had sufficient power (480%) to detect association of odds ratio (OR)41.5 or ORo 0.67 with 900 cases and 1000 controls. A total of 1011 cases and 1105 controls were recruited. Among them, 923 cases and 1033 controls who fulfilled the inclusion criteria were used to further analyses. For the patient group, the mean age was 36.4 (±16.7 s.d.) years and 66.0% were male. The mean age of controls was 37.6 ± 13.5 years and 65.2% were males. The smoking and bacillus Calmette-Guerin (BCG) vaccination status were similarly distributed between two groups (P = 0.075 and 0.078, respectively; Table 1 ). As all individuals were Han Chinese, correction for population stratification was not required.
Comparison of X-linked gene polymorphisms between cases and controls
Allele and genotype frequencies of the three SNPs are given in Table 2 . Genotyping for the CD40LG rs3092923 T4C and the IRAK1 rs3027898 C4A polymorphisms was 100% successful, whereas genotyping for the TLR8 rs3764880 G4A polymorphism was successful in 881 (95.4%) patients and 990 (95.8%) controls only. The genotype frequencies among the 360 female controls were all in Hardy-Weinberg equilibrium (all P40.05).
In the recessive model of multiple logistic regression with the interaction term of the three SNPs and sex, only the interaction of CD40LG rs3092923 CT+CC or C/(-) and sex had a significant effect (P corr. = 0.0213, OR male , 95% confidence interval (CI) male = 0.47 (0.32-0.70)). This significance of the interaction term was attained after adjusting for the effects of age, smoking and BCG vaccination status, suggesting that CD40LG rs3092923 may have a role in sex-specific differences in pTB susceptibility. For TLR8 rs3764880 AG+AA or A/(-) and IRAK1 rs3027898 CA+AA or A/(-), the P-value of the interaction item between genetic variants and sex was not significant (P corr. = 0.5008 and 0.9213, respectively).
The results of the three other types of multiple logistic regression analyses indicated that for TLR8 rs3764880, no significant differences of genotype frequencies were observed between cases and controls, irrespective of sex. When considering only males, a slightly higher frequency of the TLR8 rs3764880A/(-) genotype was observed in pTB patients, with the wild-type G/(-) homozygous genotype used as reference. This effect did, however, not reach significance (OR = 1.05; 95% CI = 0.8-1.38, P = 0.71). In contrast, when females or the combined group of males and females were considered, a lower frequency of rs3764880AG plus AA or A/(-) genotypes was found among patients. Neither of the differences were statistically significant (OR = 0.82, 95% CI = 0.57-1.17, P = 0.27 for females; OR = 0.94, 95% CI = 0.76-1.16, P = 0.57 for all participants; Table 2 ).
For the CD40LG rs3092923 variant, significant associations of the disease phenotype and the CC or C/(-) genotype were observed for males and the combined group of males and females. Among males, the C/(-) genotype conferred relative protection from pTB (OR = 0.52, 95%CI = 0.35-0.78, P corr. = 0.0045). For all individuals, the non-TT and T/(-) genotypes were significantly associated with a reduced risk of disease (OR = 0.56 and 0.65, P corr. = 0.0075 and 0.0081, respectively). This significance was attained after adjusting for the effects of age, gender and smoking and BCG vaccination status. When only females were analyzed, no association of genotype frequencies and pTB was observed (P = 0.324; Table 2 ). The effect of CD40LG rs3092923 on pTB incidences appeared to be restricted to males only. It may also be possible that the smaller number of females provides less power to detect any effect, thus accounting for this sex-specific difference.
When the IRAK1 rs3027898 CC homozygous or C/(-) genotype was used as reference, the AA or A/(-) genotype was associated with an increased risk of pTB in the combined males and females population (OR = 1.50, 95% CI = 1.17-1.91, P corr. = 0.0033). For males, no significance was obtained after correction for multiple testing (OR = 1.31, 95% CI = 1.00-1.71, P corr. = 0.14). For females, although the rare AA genotype was associated with an increased risk of pTB (OR = 2.39, 95% CI = 1.18-4.84, P corr. = 0.0468), no association was seen for the CA plus AA genotypes (OR = 0.94, 95% CI = 0.67-1.31, P = 0.7047; Table 2 ). Combined effects of TLR8, CD40LG and IRAK1 polymorphisms in pTB risk For females, we did not observe significant combined effects of any two SNPs or all three SNPs (P trend = 0.4345, 0.6009, 0.3061 and 0.3375, respectively). In males, significant combined effects of TLR8 rs3764880 and CD40LG rs3092923 (P trend = 0.0312), IRAK1 rs3027898 and CD40LG rs3092923 (P trend = 0.0005) and all three SNPs (P trend = 0.0055) were observed. Specifically, we observed (Table 3) .
DISCUSSION
It is accepted that host genetic factors have a role in determining differential susceptibility to M. tuberculosis infection and disease outcome in humans. [17] [18] [19] Here, by focusing on immune-related genes on the X chromosome, we have shown that the rs3092923T allele of the CD40LG gene confers an increased susceptibility to pTB. We also provide evidence of distinct combined effects between the CD40LG, TLR8 and IRAK1 genes in determining the susceptibility phenotype.
CD40LG is a member of the tumor necrosis factor superfamily of genes, which encodes the CD40 ligand. CD40 and its ligand constitute a pair of complementary transmembrane glycoproteins that act as an important costimulatory signal in the transduction pathway of immune and inflammatory responses. The CD40 ligand, a type II transmembrane protein, is primarily expressed by activated CD4+ T cells and platelets, and variably expressed by monocytes, B cells, epithelial cells, endothelial cells, natural killer cells and smooth muscle cells, exerting wide effects on host immune activation. 20 The CD40LG variant rs3092923 is located at the end of intron 4 of CD40LG, one of the gene´s differentially methylated regions, where CpG methylation-sensitive enhancers in human conventional CD4 + T cells (T conv ) and CD4 + CD25 + regulatory T cells (T reg ) have been described. 21 The CD40 ligand was shown to induce a vitamin D-dependent antimicrobial pathway and to trigger antimicrobial activity against M. tuberculosis in human monocytes. 22 As many variants of the region surrounding rs3092923 are in strong linkage disequilibrium in Han Chinese ( Supplementary Figure S1) , the C4T variation of rs3092923 may lead to modifications in its differentially methylated region, restrict the effect of those T-cell lineage-specific enhancers and downregulate the functional response against M. tuberculosis, thereby increasing the risk of developing TB.
The fact that rs3092923 did not show evidence of transmission disequilibrium to affected offspring in a family-based study from the Gambia needs to be interpreted with caution. 12 First, the sample size in that study was, with only 121 TB patients and their parents included, not large. Second, linkage disequilibrium R-squared (R 2 ) maps of the region surrounding rs3092923 between Africans and Han Chinese differed considerably (Supplementary Figure S1) . Compared with the ethnicity of Yoruba in Nigeria, where only one SNP is linked to rs3092923 (R 2 = 0.86) in the 1000 genome project, six adjacent SNPs completely linked to rs3092923 in Han Chinese (R 2 = 1) were identified. 23 Third, the allele frequencies of rs3092923C also vary between Africans and Chinese (~80% vs~10%; Supplementary  Figure S2 ). 23 In addition, according to the data derived from the 1000 genomes project phase 1, the allele frequencies of rs3092923 among Europeans were similar to those in Chinese, indicating that in Caucasian pTB patients a similar association of CD40LG rs3092923 with pTB may occur.
IRAK1, a serine-threonine protein kinase, is an important component of the Toll/interleukin-1 (IL-1) receptor (TIR) signaling pathway. The TIR family, including the TLR subfamily and the interleukin-1 receptor (IL-1R) subfamily, is involved in pathogenmediated inflammatory responses. The TIR family has a unique signaling motif, the TIR domain, which is a key structure for activation of a large and distinctive signaling pathway, including Abbreviation: BCG, bacillus Calmette-Guerin. Owing to genotyping failure, in males the sample size was 596 and 665 for cases and controls, respectively. In females, the sample size was 285 and 325 for cases and controls, respectively. Risk alleles were defined for each individual as that occurring more frequently among cases than controls, that is, TLR8 rs3764880A, CD40LG rs3092923T and IRAK1 rs3027898A for males, and rs3764880G, rs3092923T and rs3027898A for females. Bold values indicate statistical significance (Po0.05). Abbreviations: CI, confidence interval; OR, odds ratio; pTB, pulmonary tuberculosis. a ORs and P-values were calculated by multivariate logistic regression and adjusted for age, smoking and BCG vaccination status. b P trend values of Cochran-Armitage trend tests for risk allele numbers between patients with pTB and controls. effects of MyD88 and the IRAK family. 24, 25 After stimulation of TLR, IRAK1 is accumulated and phosphorylated to induce a downstream signaling cascade of TLR7 and TLR9. 26 In addition, deletion of IRAK1 leads to a significant reduction of activated CD4 + T cells and dampened inflammatory responses in systemic lupus erythematosus or chronic and acute inflammatory conditions in mice models. 27, 28 Previous studies have demonstrated that IRAK1 is a distinct susceptibility factor in two autoimmune diseases, rheumatoid arthritis and systemic lupus erythematosus, in particular in females. Although we did not find a significant relationship between IRAK1 polymorphisms and pTB in males after correcting for multiple testing, a trend of the A allele in pTB patients (23.2% vs 18.7%, OR = 1.31, 95% CI = 1.00-1.71) was observed, requiring validation in additional studies. Significant results were obtained for the AA genotype in the combined analysis and the female-only analysis. As a corresponding trend is observed in the male-only analysis, the result of the combined analysis provides significance as well. The weak significance in the female-only analysis does currently not allow for meaningful conclusions but rather requires confirmation in further studies.
TLR8 is a member of the TLR gene family, which has a fundamental role in pathogen recognition and the activation of innate immunity in the first line of defense. In contrast to the previous results identifying significant associations of TLR8 sequence variants with pTB in Indonesian, Russian and Turkish populations, 13, 14 we failed to find evidence of any association of the TLR8 variant rs3764880 in the Han Chinese population. This inconsistency may in part be explained by heterogeneity of in the allele frequencies of TLR8 rs3764880A between different ethnic groups (Indonesian~30%, Russian~80%, Turkish~50% and Han Chinese~20%).
Interestingly, we found strong combined effects of the three SNPs (CD40LG rs3092923, IRAK1 rs3027898 and TLR8 rs3764880), including the effect of the TLR8 variant in conferring a higher risk of pTB. This combined effect was only observed in males and strongly suggests that immune-related susceptibility genes on the X chromosome contribute to sex-specific differences of pTB incidence.
The sex composition of patients with TB is inversed to those who develop autoimmune diseases. Men are more affected with TB than women, whereas autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus are more prevalent among females. 29 Interestingly, these phenomenons are consistent with sex-specific differences of immune-related genes on the X chromosome. Previous studies have shown that IRAK1 rs3027898 is associated with autoimmune diseases only in females, 15, 16 while our study provides a complementary association of CD40LG rs3092923 with pTB that was confined only to males. The same sex-specific pattern was seen for TLR8 rs3764880, where association was only observed in males. 13 Taken together, we believe the observed strong association could indicate that these immune genes may have a genuine role in disease development and also have a role in sex-specific way.
In conclusion, our study describes independent and combined correlations between X-linked gene variants and clinically relevant pTB in males. This may help to explain the sex-related TB disease that has been widely recognized. Further research in other ethnic groups is required to evaluate and eventually confirm the association of CD40LG, TLR8 and IRAK1 expression with the risk of pTB.
MATERIALS AND METHODS
Participants and sample selection
Detailed information regarding this Han Chinese case-control group of pTB has been published previously. 30 The pTB patients were of Han Chinese origin and enrolled from the Hebei Chest Hospital and Shijiazhuang Fifth Hospital (Hebei, China) from March 2007 to August 2009. Structured questionnaires were completed by all patients to obtain demographic information on age, sex, ethnicity, place of birth, TB-related environmental risk factors, including smoking and nutritional status, BCG vaccination, and concomitant medical conditions. Patients were diagnosed according to the standard criteria for pTB set by the National Health and Family Planning Commission of China (http://www.nhfpc.gov.cn/zwgkzt/ s9491/200901/38801.shtml; document in Chinese). Briefly, patients were defined based on the following indicators: (1) typical clinical symptoms, (2) sputum smear/culture positive for M. tuberculosis and/or positivity of bronchial lavage and/or pleural fluid for M. tuberculosis, (3) typical pathological changes in the lungs according to chest X-ray appraisal and (4) typical changes in the lungs with evidence of pTB in lung biopsies. All cases were classified by an experienced chest physician who was not aware of any laboratory results. Patients void of conclusive TB diagnoses or immunosuppressed, for example, by their human immunodeficiency virus status, diabetes mellitus or current hormone therapy were excluded from the study.
Healthy individuals who took part in routine physical examinations at the Beijing Electronic Hospital were recruited as controls. Inclusion criteria for controls were absence of pTB-typical clinical signs and symptoms, absence of pulmonary lesions on chest X-ray, and negative medical history of TB, autoimmune disease, cancer or other diseases affecting host immunity. Individuals who met the inclusion criteria and were similar to cases with regard to age, sex, ethnicity, smoking and BCG vaccination status were included into the study. Five milliliters full venous EDTA anticoagulated blood samples were collected from all cases and controls after written informed consent was obtained. The study protocol was approved by the Ethics Committee of the Hebei Chest Hospital, Shijiazhuang Fifth Hospital and the Beijing Electronic Hospital.
Genomic DNA extraction and SNP genotyping
Genomic DNA was extracted from blood by applying the Gene Relax DNA extraction kit (TianGen, Beijing, China) according to the manufacturer's instructions. DNA samples that passed the quality examination of the Sequenom system (Sequenom, San Diego, CA, USA) were subjected to genotyping. The forward, reverse and extend primers for three SNPs are shown in Table 4 . Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry was performed to analyze samples. Weight (in Daltons) of the extension products was used to call the alleles. Both positive and negative controls on each genotyping plate were randomly selected to check consistency. The three SNPs had genotyping call rates of 95% or higher. For quality control, a 15% masked, random sample of cases and controls was sequenced and all results were 100% concordant.
Statistical analysis
Power calculations were performed by PASS 13 software (http://www.ncss. com/software/pass/), considering minor allele frequency of the three SNPs from 0.1 to 0.25 and a significance level of 0.05. Hardy-Weinberg equilibria were assessed by PLINK 1.07 (http://pngu.mgh.harvard.edu/~purcell/ plink/) in female controls. Three types of multiple logistic regression analysis (combined analysis of males and females with sex as a covariate, a male-only analysis and a female-only analysis), applying codominant and recessive models, were used to calculate the effect that alleles and genotypes exerted on the disease status after controlling for age, smoking status and BCG vaccination. In addition, a logistic regression analysis (recessive model) with an interaction term between genetic variants and sex was performed after controlling for age, sex, smoking status and BCG vaccination. The OR and 95% CI were estimated by using the likelihood ratio method. Chi-square tests for males and Cochran-Armitage trend tests for females were performed to compare categorical genotype frequencies.
Bonferroni corrections for three tests were applied if nominal P-values were o 0.05.
With regard to combined or interactive effects of the three SNPs on the risk of pTB, we performed association analyses by using the number of the putative risk alleles for male and females separately. The alleles found more frequently in cases compared with controls were defined as the risk allele, that is, TLR8 rs3764880A, CD40LG rs3092923T and IRAK1 rs3027898A for males, and rs3764880G, rs3092923T and rs3027898A for females. Cochran-Armitage trend tests and multiple logistic regression analyses (additive model) were performed to identify the effects of combined pairs of SNPs, or of the combination of three SNPs.
